1. An open-circuit method for the measurement of oxygen consumption in children which is suitable for use during cardiac catheterization has been described.
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assessed using nitrogen infusions. The present investigation was undertaken primarily to determine the accuracy of the method when used in children. The data obtained were later analysed statistically to determine whether estimates of oxygen consumption having a clinically acceptable degree of accuracy could be derived from them.
M E T H O D S
Twenty-one patients, who were either attending the cardiological out-patients clinic or receiving in-patient treatment in the cardiological wards, were studied. The relevant clinical details about these patients are shown in Table 1 . 1 FIG. 1. Schematic representation of the apparatus for measuring oxygen consumption by the opencircuit method. A stream of air was drawn through the hood (H) from which the subject 'extracted' oxygen. The gas was collected in the Tissot spirometer (Ti) and subsequently pumped (Pz) into the oxygen analyser (Az) through a drying tube (D). The pressure within the hood was measured through the narrow tube connected to the transducer (T). The output from the transducer was amplified (A,) and displayed on the oscilloscope (0). P, is a pump (see the text).
The oxygen consumption was measured by an open-circuit method which has been described in detail previously by Kappagoda & Linden (1972) . A perspex hood was placed over the head of the patient and the hood was connected to the rest of the apparatus as shown in Fig. 1 . Air was drawn through the hood by means of the pump PI (type SA 37; Services Electronic Co. Ltd, Stanmore, Middlesex) and collected in the spirometer for a period of 45 s. The patient 'extracted' oxygen from the stream of air as it passed through the hood. The gas collected in the spirometer was then pumped (P, in Fig. 1 ; Capex mark 11, Charles Austen Pumps Ltd) through a drying tube (D in Fig. 1 ) into a paramagnetic oxygen analyser (A, in Fig. 1 ; Model OA 137; Servomex Controls Ltd, Crowborough, Sussex). The oxygen analyser itself had been previously modified as described by Kappagoda & Linden (1972) . The oxygen consumption G.B. was studied on two separate occasions at an interval of 2 days.
Abbreviations: VSD, ventricular septal defect; ASD, atrial septal defect; AV, atrioventricular.
was calculated as follows: volume of air drawn through the hood at STP Dry = V litre/min; concentration of oxygen in room air = X% ; concentration of oxygen in the gas spirometer = Y%; oxygen consumption = V x (X-Y)/IOO litre/min at STP Dry. This calculation assumes a respiratory quotient of 1. Since the flow of air through the hood is approximately 25-30 times the minute volume, the errors which may occur from this assumption are negligible (Kappagoda & Linden, 1972) . The electrocardiogram was monitored from leads applied to the chest. The output from these electrodes was amplified by a carrier and a driver amplifier (EMMA 4000, S.E. Laboratories Ltd, Feltham, Middlesex) and recorded on a direct-writing U.V. recorder (model 2100, S.E. Laboratories Ltd). The respiratory rate was monitored using a pneumatic stethograph which incorporated a strain-gauge manometer (model P23 Gb, Statham Instrument Co., Hato Rey, Puerto Rico). The output from this strain-gauge manometer was also recorded in the same manner as the electrocardiogram.
The children were weighed using an Avery scale (type 3306 ABV, Avery Ltd, Birmingham). The height of the older children was measured and the supine length was measured in the infants. The body temperature was recorded either sublingually or rectally using a clinical thermometer. The room temperature was also recorded.
Experimental protocol
All the children were studied 2 h after a meal. They were settled on a cardiac catheterization table and the ECG electrodes, the stethograph and the hood were placed in position. One or both parents were present during the study to allay any anxiety. The measurements of oxygen consumption were made only when the younger children (< 3 years) were asleep and the older children relatively motionless. This part of the procedure took 30-45 min. The heart rate, respiratory rate and the environmental temperature were monitored simultaneously. The final four estimations were accepted for analysis only if there were no wide fluctuations in heart rate. Finally the body temperature, height (or length) and weight were recorded. No sedation was used during the study.
R E S U L T S
Eighty-eight measurements of oxygen consumption were made ; four measurements in each of twenty children and eight measurements in one child, who was studied on two separate occasions. Measurements were dealt with independently for statistical analysis.
Assessment of the random error in the method
The oxygen consumption in each child was measured 2 h after a meal during a period when physical activity was minimal (see Table 1 ). During this same period the heart rate, respiratory rate and the environmental temperature showed small fluctuations. The variations in heart rate and respiratory rate expressed as the standard deviation (SD) of the differences between the individual observations in each patient and the corresponding means were 5.2 beats/min and 3.9 breaths/min respectively and the changes in environmental temperature were within If 1°C. The effects of these factors on the oxygen consumption were disregarded.
Under these circumstances it was assumed that the oxygen consumption in any one child was constant for the duration of the study. Therefore the random error of the technique was indicated by the scatter of the four measurements made on each child about the corresponding mean. The SD of the differences between individual observations and their corresponding mean was determined for all patients, and the random error of the method was obtained by determining the value of 2 SD of these differences, as this would include 95% of the observations. The random error was analysed in this way for three ranges of oxygen consumption. In the range 1842 ml/min the random error was 3.4 ml (n = 36; SD of difference 1.7 ml), in the range 58-80 ml/min the random error was 1.9 ml (n = 16; SD of difference 0.95 ml) and in the range 119-190 ml/min the random error was 6.1 ml (n = 36; SD of difference 3.05 ml).
Estimation of oxygen consumption
The data obtained in this investigation were subjected to a regression analysis to ascertain whether the oxygen consumption could be predicted from other biological parameters. For the purpose of this study, we decided to confine ourselves to those parameters which could be measured most accurately in routine clinical practice; namely the weight (kg) and age (years).
Initially a simple regression analysis was performed between the oxygen consumption (y) and the weight (x) and between the oxygen consumption (y) and the log,, weight (x). The results of this regression analysis are shown in Table 2 (equations 1 and 2). These results indicate that the log,, weight provides a significantly better estimate of the oxygen consumption than weight (kg).
Secondly, the data were subjected to a three-way regression analysis using oxygen consumption as the dependent variable (y) and the log,, weight (x,) and the age (xz) as the two independent variables. The results of this analysis are shown in Table 2 (equation 3) . This analysis shows that the oxygen consumption (ml/min) could be predicted from the equation y = 9 4 . 9 9~~ + 3 . 7~~ -14-9. The overall accuracy of the prediction as denoted by the standard deviation of the differences between the predicted values and the individual observations (SDyx in Table 2 ) was 14-6 ml. It is also noteworthy that the fractional variance (Snedecor & Cochran, 1970) due to the two variables (x, and xz) was 0.916. Such a high fraction (out of a possible maximum of 1) indicated that the other independent variables such as sex and heart rate have a relatively small influence on the oxygen consumption.
Finally, a four-way regression analysis was performed using oxygen consumption (ml/min) as the dependent variable (y) and the log,, weight (x,), age (xz) and the heart rate (xJ as the independent variables. The introduction of the third independent variable (heart rate) did not significantly improve the accuracy of the prediction (Table 2 ). In view of these findings the regression model relating the oxygen consumption, log, , weight and age was retained.
Deviations of observed from predicted oxygen consumptions were not significantly different in the male and female patients. Since the ages of the subjects fell fairly sharply into an older and a younger group, the data from these two groups were analysed separately, the accuracy of the prediction was not improved.
DISCUSSION
Measurement of oxygen consumption and systemic blood flows constitutes an important part of any haemodynamic assessment. These flows and other prognostic indices such as pulmonary and systemic resistance are calculated from simpler primary measurements such as the oxygen consumption and arteriovenous differences in oxygen saturation and cardiovascular pressures. Schostal, Krovetz & Rowe (1972) have recently attempted to quantify the large errors that could occur in these derived values from relatively small errors in the primary measurements and these considerations emphasize the care which should be exercised in making these measurements. With respect to the measurement of oxygen consumption any method used should have no systematic error, a small random error and be technically acceptable to both the patient and the operator. The open-circuit technique described in this investigation meets all these criteria.
The random error of the technique as measured in the present investigation was 3.4 ml, 1.9 ml and 6.1 ml for ranges of oxygen consumption of 18-42, 58-80 and 120-190 ml/min respectively. These calculations were based on the assumption that the oxygen consumption of the child was constant during the period of study. However, it is probable that small spontaneous variations in oxygen consumption occurred during this period and contributed to the random error in the technique. The minimum theoretical error in this technique has been calculated as the sum of the errors in the components of the apparatus and this value was 0.42% (Kappagoda & Linden, 1972) . This error is much smaller than the random error obtained in the present study. This difference is probably due partly to errors in the timing of the collections and partly to small variations in oxygen consumption.
Estimation of oxygen consumption
There have been several previous reports of estimates of the oxygen consumption in babies and young children (e.g. Rudolph & Cayler, 1958; LaFarge & Miettinen, 1970) . Rudolph & Cayler (1958) provided no information about the accuracy of the technique with which the oxygen consumption was measured or about the accuracy of the prediction itself. However, LaFarge & Miettinen (1970) in a more comprehensive but retrospective study reported a simple method for predicting indexed oxygen consumption based on the heart rate, age and sex in children aged 3 years and above. These workers provided an estimate (28.0 ml min-l m-') of the error of the prediction (calculated as the standard deviation of the difference between the observed and the predicted values) and also an estimate of the error of the method of measurement (13.2 ml min-' m-'). The errors in the prediction calculated in this way also included the random error in the method of measurement. A value of 23 ml min-' m-' [i.e. J(28.0' -13.2')] was derived as the true error in the prediction. Since thisvalue represented one standard deviation the 95% tolerance limits would be approximately twice this value.
Implicit in these methods of predicting oxygen consumption is the assumption that the measurements of the 'independent variables' are free from error. Although the age and heart rate could be measured accurately, LaFarge & Miettinen (1970) used a dependent variable of oxygen consumption per m' of body surface area. This value would obviously include the errors in the estimation of the body surface area. The body surface area for this purpose was derived from the formula of Dubois & Dubois (1916), which in turn involved the measurement of the height and weight. The errors in the Dubois & Dubois (1916) formula have been described in some detail by Krovetz (1965) and it is also well known that the height (or the length) of babies is a parameter which is notoriously difficult to measure.
In view of these criticisms, we resorted to the use of weight and age as the independent variables in the statistical analysis, The multivariate regression analysis has also indicated that these two parameters account for 90% of the variance in the predictions of oxygen consump-tion. In spite of this highly significant result, the error in the prediction as defined by the standard deviation of the individual observations from the predicted values was 14.6 ml/min. The 95% tolerance limits for a predicted value would be approximately twice this value. Even greater errors would prevail if the rigid criteria enforced in this investigation are not operational. For instance under the usual conditions of cardiac catheterization the random errors attributable to the degree of sedation, movements and the time of the previous meal are greater, thus rendering the prediction of oxygen consumption from weight and age even more inaccurate. Such errors, though smaller than those obtaine'd by LaFarge & Miettinen (1970), would remain unacceptable for routine clinical use, particularly in that the error in the predicted value is at least six times greater than that of the measured value.
It is therefore concluded that oxygen consumption should be measured and not predicted. Also this method of measuring oxygen consumption while permitting the calculation of systemic and pulmonary blood flow has other significant advantages which render it acceptable to both the operator and the patient. It is rapid, allows access to the axillae and groins for the insertion of catheters and does not interfere with radiological screening or angiocardiography.
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